US010505579B2

a2 United States Patent 10y Patent No.:  US 10,505,579 B2
Jo et al. 45) Date of Patent: Dec. 10, 2019

(54) RADIO FREQUENCY SWITCHING DEVICE (56) References Cited

FOR FAST SWITCHING OPERATION
U.S. PATENT DOCUMENTS

(71) Applicant: Samsung Electro-Mechanics Co., Ltd.,

Suwon-si (KR) 7,613,442 B1  11/2009 Kelly et al.
2004/0085118 Al 5/2004 Numata
(72) Inventors: Byeong Hak Jo, Suwon-s1 (KR); Hyun (Continued)
Paek, Suwon-si (KR); Jeong Hoon B .
Kim, Suwon-s1 (KR); Yoo Hwan Kim, FOREIGN PATENT DOCUMENTS
Suwon-s1 (KR); Yoo Sam Na, Suwon-si ]
(KR) JP 5785461 B2 9/2015
JP 2017-112537 A 6/2017
(73) Assignee: Samsung Electro-Mechanics Co., Ltd., (Continued)

Suwon-s1 (KR)

OTHER PUBLICATIONS
( *) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35 Korean Office Action dated Apr. 15, 2019 in corresponding Korean
U.S.C. 154(b) by 0O days. Patent Application No. 10-2018-0079486 (5 pages in English, 4

pages 1n Korean).

(21)  Appl. No.: 16/237,834 Continued)

(22) Filed: Jan. 2, 2019 _ _
Primary Examiner — Pakee Fang

(65) Prior Publication Data (74) Attorney, Agent, or Firm — NSIP Law
US 2019/0245574 A1 Aug. 8, 2019

(37) ABSTRACT
(30) Foreign Application Priority Data A radio frequency switching device includes a switching
circuit including first and second transistors; a gate resistor
Feb. 2,J 2018 (KR) ........................ 10-2018-0013513 circuit including a first gate resistor and a second gate
Jul. 9, 2018 (KR) e, 10-2018-0079436 resistor, the first gate resistor connected to a gate of the first

(51) Int. Cl transistor and the second gate resistor connected to a gate of
nt. CI.

the second transistor; a gate buller circuit including a first
ggj%l 11/{%) 88(1)283 gate buller and a second gate bufler, the first gate buller
_ ' being connected to the first gate resistor to provide a first

(Continued)

gate signal to the first transistor through the first gate
resistor, the second gate bufler being connected to the
second gate resistor to provide a second gate signal to the
(2013.01); HO3K 17/6874 (2013.01); HO3K second transistor through the second gate resistor; and a

17/693 (2013.01) delay circuit to generate the first gate signal having a first

(58) Field of Classification Search switching time and the second gate signal having a second
CPC ... HO4B 1/40; HO3K 17/28; HO3K 17/6874; switching time different than the first switching time.

HO3K 17/693
(Continued) 14 Claims, 13 Drawing Sheets

(52) U.S. CL
CPC oo HO04B 1/40 (2013.01); HO3K 17/28

100 {(100~-1 08 100~-2}

RDS51 RDS2 |
— AN NN~ 110

TI0O— ) 720
wn! M2

HLLEEVLEANEREE SRE  CLEEEWREELY =EE AEEVLESERRE RN AEEEWREERAE AR PEEELEEETLEE  LEE SREEWRAEELEEN

G g RGY § 120
f
BG1 860 130
k
VG Va2
VG 00—
BELAY CIROLT 140
VOO




US 10,505,579 B2

Page 2
(51) Inmt. CL FOREIGN PATENT DOCUMENTS
D058 177087 (2096.01) KR 10-0904335 Bl 6/2009
HOSR 17723 (2006'02“) KR 10-1823268 Bl 1/2018
HO3K 17/693 (2006.01) WO WO 87/03153 Al 5/1987
(58) Field of Classification Search
USPC e 455/552.1

See application file for complete search history.

(56)

References Cited

U.S. PATENT DOCUMENTS

2005/0248384 Al*

2017/0179848 Al*
2018/0145679 Al
2018/0269806 Al*
2018/0331682 Al*

11/2005

6/201
5/201
9/201

11/201

O OO OO ]

Miettinen .......... HO3K 17/0406
327/434

Shimizu .............. HO1L 27/0629

Kim et al.

Chen .........oovvvnvnnn. GO1K 7/22

Duduman ............ HO3K 17/063

OTHER PUBLICATTIONS

Yoon, Sang-Woong, “Static and Dynamic Error Vector Magnitude
Behavior of 2.4-GHz Power Amplifier”, IEEE Transactions on
Microwave Theory and Technigues, vol. 55, No. 4, Apr. 2007 (pp.
643-647).

Gu, Zej1 et al., “Enhanced Linearity and Efliciency of HBT MMIC
Power Amplifiers for WCDMA Applications”, Proceedings of the

40th Furopean Microwave Conference, Paris, France, Sep. 28-30,
2010 (pp. 1002-1005).

* cited by examiner



US 10,505,579 B2

Sheet 1 of 13

Dec. 10, 2019

U.S. Patent

10

|
..?

¥

IRAEQ.

‘!

HG

e
¥
)
*
* It

[y 8 e " T T T T T T e R

B i ™ ™ " T T T T ke e | T T T " T T T T T T T [ e i ™ T T T T T T bl e ™ T T T T T B e T " ™ T T T T

.

(Al
)

FlG. 2



U.S. Patent Dec. 10, 2019 Sheet 2 of 13 US 10,505,579 B2

100 (100-1_0R_100-2)

[ R R B B B B B B b B ] Tk (R B B BB b h BB &S e LR B R B R LR LR E] L & ] LR R B B R bR R L T - [ B B B B B B &R N [ T 1 LR R B bR B LR EE B}

-

FEE FEEEE - M e

-

Vi 1

rEEEEFEEFEEF] EEE

-,

-

LA R B BB B B R RS [ T 1 LA R B BB B B R .

- R EEEEEEEEEEE®

e
()

FE R RN NN

.'I.'In.'l.'l..‘.'l.'l.‘.'l'l.'l.'l.'l L% LTLLLLLLE L L ] AL LLLL L LR LY R L S LS L e e N L % B | LTLLLLLLLN L ] S S L L B B BN LN

o

-

FE)] EFEEEEEREEEERE

1
f—ﬂ 30
E

g o g g

DeLAY CIKRCL 1A



US 10,505,579 B2

Sheet 3 of 13

Dec. 10, 2019

U.S. Patent

N [ e e ] -"""\"""ﬁ
LR R R R R ]

e T T T T T b e T ™ " T T T T T T T
G
[ :
i ; 1.
L2 BB b b i b B ol

AL LR LELLR] L] L !

[l e ] e T T T T T T =TT L]

B

NV

[ T} LA R R Ry LB R R}

(o

e T T T T T T M e " T T T T T T T

[ R BB BB LELEN,]

.1*-'-.-.-

Ll e ] e ™ T T T T T T e e |
(5 B LR B BB R LR L LN} LR

e " T T T T " i " " T T T T e Y

VG OO —

FiG. 4



U.S. Patent Dec. 10, 2019 Sheet 4 of 13 US 10,505,579 B2

T T T T T T T T l|-"I-"I- T T T T T T T T T T T T T T T T b e = T T T T T T T T T T e TR AR TR TR TR TR TR R TRETE TR TR TR TR

S > RDS!

b

b

b

b

b

b

" T S e
- - LY )

‘ 0

hy )
. h )

b, )

DS

h\k'{ﬁ' P

L

G, BA



U.S. Patent Dec. 10, 2019 Sheet 5 of 13 US 10,505,579 B2

Via]

High| |

VG0

VG

VG2
_ .'
VG100
40 VG VG2



U.S. Patent Dec. 10, 2019 Sheet 6 of 13 US 10,505,579 B2

F1G. 10

D1{ OR E’}F OR D3}

™

VGID
{ OR VG
(OR VG2)




US 10,505,579 B2

Sheet 7 of 13

Dec. 10, 2019

U.S. Patent

BEOAO

¢h DI

TR R R R ERERERERSRRRY [ ] R R R R R R R R
j ﬂ1.._\_\.1...\_\.1...\_\.n.\_\.\.\_\.\.\_\.\.t\.\.x\n.t\n.x\n.x\. N
.

=




U.S. Patent

Dec. 10, 2019

VG

Viad

V10

ACE

i‘ufG 2

VG3

Sheet 8 of 13

i Ba e B B e le Be e Be Ba e Be BaBe Ba Be le Be Be o Be Be Be Be BeBe e la Ba o Be Ba Be e Ba BaBe o Be Bale Be Be e Ba Ba Be BeBa B laBa o le la Bai

[ T T TETETE TR,

V7

V3

L ,:3
e " " T T T T T T %r

A EE, R TR
e s, wles  re—— —

'I.‘.'I.J'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'In.'I.'I.'I.'I.'I.'I.'I.'I.‘.“‘.“‘.“‘.I‘I“I“I“I‘

A
A
a
[ -
A
a
A
e WA TAa A A A fr TaA Faa A TAA A, Wa

K
n
n
[
L

F i
A
i

A A Taa A A ".i".l'r.i". o aa

'I.'In.'I.J'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.‘.“I“I“I“I“I“I“I“'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I.'I i i" 1'
'

T Ve

'
FIYy
iiiiiEET T TFTTiTiETiT T T T TETTTTLTLTAA AT LTETAR AR R LR LR R R i“ -

-l;i:
r S W gr g r A Fgr [ 3 F o B

l

]

|}

l -

| B Ly

{o e ereree— U ; 4
|

-------------------- pa b AR bbb AR E R AL hhiihhh bbb h b b b b b b b & | aj 5

- - 9]
) -
................................ A R R R R R R R R R R R hhhhh R RS E i‘

’
r
'
’
]
_H
"
[} La A o, rEa R, .F.F:T.FJ FE, SFETQTFaFg K
"
o
e
o
e
:
' ¥ T oF R aF PR aF R S | f.ﬂ'#.ﬂ'" A A, Taa Faa W
"
o
e

US 10,505,579 B2



US 10,505,579 B2

Sheet 9 of 13

Dec. 10, 2019

U.S. Patent

’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’
’

VEz10

o e e B

i ?

T L,

3

—7
V5

Ll

FIG. 15



US 10,505,579 B2

Sheet 10 of 13

Dec. 10, 2019

U.S. Patent

% A 0Py nﬂ@mw}
AASDS M
m\,\{» ruf.wrmmw\}_

9l -

i




US 10,505,579 B2

Sheet 11 of 13

Dec. 10, 2019

U.S. Patent

2
il

Y]
¢
WV
Vi
V3
V4

bk ko ol bkl dakd bk

"!.."!..'\.*"!..'\."!.."!..'\."!.."!..'\."!.."!..'\."!.."!..'\."!.."!..'\."!.."!..'\."!.."!..'\."!.."!..'\."!.."!..'\.11‘11‘11‘11‘11‘11‘11‘11‘

,— e —r e -~ -r - - --r -

I, iyl Sgly, LAl "y A, Tl Sy pigl Iy SNy

FlG. 17



U.S. Patent

it

Dec. 10, 2019

’

r
o

|
Jrr!prﬂ

'y

/’
P T ey

,

B

RiEoute

L

G

(L <

e

o

JFFFJFFFFFJLFFFFFLFFFFFLFFFFF

.

.
prlrrr!rﬂp

r
4
F
#

RE LW, R ORRT SRR RARY

.-h.-h.h.-h.-h

»

JL!!!!!L!!

i g Spy——

’
FFFFFFFFFFFJFFFFFJFFFFF

4

(SN) Bl

JFFFFFJFFFFFFLFFFFF

- a
N Y

F;FFFFFJFFFFFFLFFFFFLFFFFF

e

rrp—
Yy T
T

L

el

Sheet 12 of 13

Fou

Stalit

s
i e S T
o

e

W Ry ey LT

) . .l'. i'.

ey

T e kR R

.- e’ R ptater
- .h.‘.. ... .-.... B ) )
b ) . Ty Ry W
b ™R R oW - - .‘.‘.
- T T L
. b - Sl
L T e e
W R R R, e e
L N T =
- R b B
. et L
b - FEARRE
i - . . . L Y
. e L e,
\ e TTIT
. e N A LT
- ' SR taper
.h.l.. - - - ...... " ) )
. EE R ™ e
. b T T T UK S . - .
.‘ ) ) -‘.....-. - - .i'.
) s L
. LT T e e T
h - i -
.- ) ) B ) ..-. - .-. -.t.h.
R R, e e
P - TR
.‘.-'. - - - [
. - it
. afalali R
. L LT
A e e e e . o TEp TEp Ep
= TR . N 9
. R S R R
T T e g g
. -'-_'-_'--"r. - e e .
. _—mm L,
- ) ) -.....-... ..h.h.h.
. e mmm
. L R L
e B Bt - . . -
. Staiataiutet e
- P tL e
R R, e e e e .
. - . . - A ."r-"""-
h. —. e e
. - LN R L.
. et L
. MR L e
) AP S e ——
LT, .
R L
. . - . . - . . - TEp
e m m . . - . . -
- - - - - -h.'. .. - - - . . . .
— e memem m—— T " e e
- - ..‘-.‘.... ._- - ) .-.‘.‘.-. -
N. — R R T )
T L L
— R R, N
e oo RN L %
S L T T T e
L L L.
._'-.. - . . - . . - . . - TEp
- .- - - . .‘.‘.-. - - -
- el - e R
i T e L. R
- = - o
. L L L R .
Lo EEEENE . - e, -y
-- 0] . . 0] .i'.“ .-.... " ) ) .h.- ...-.. ) " )
—— LT < R, — LT < ST
LR N IR T LR N I L
T R LY, s g
A LT, R N X T RS XY
NNy L LT ' R N -
. - . . - . . - [ . . - . . - . r "o
- .--‘.‘.‘- T m——" -.-.‘-‘.‘.
- SARL T - R
LT . LT L S L
TEp TEp TRy, . . - . . - . “Ep TEy TEp W, . - . . - . . -
L L N . ' RN L R T,
et L LR R o
R N T L v e T,
-, . . - . . - . = - .
—une - RO e S T
R K L i e L
. . - . . - . . « Wy THp Ty TEp . . . A . . - . “Ep TEy TEp
i et e N Edudndnd
e : = atep
L - L N -
e L . e
> e Al -
- .....-.... . 0] .h.+ .-. .-.. ..- )
T . e %, T T .
- - - .‘. [ W W - - - - - ..‘. r
-..".h.h.h. ) ) .-. ."'.i'.h.hl
RO T lddway
R LA e oy e S
e e g T
L emmae b cormamEe
) .i'. i'. i'. .-'. i'. i'. i'.
. L T e
s S T O
L ST iy ey,
o Rt e
D i e
bttt e -
I LT . ey
. S I, T A Vammam
. .-. - - - [Fogr ey [y
e R LT
‘- LU . = . L
C AP LT
v - LT Lo
A S -
e :.ﬂ -
- - .-..‘. - .‘. r
L RN -y
o 2 e
. -
) R
' [
- i'.i'. 0]
. , T e
- e el
L
- T
N g
I e
“a LR
. R
.- " -
. - e T,
h. e
. ar oy oy e
. - RN St
e T
N L.
- . . . T
. g SRRSO B
PR SmmA T
S R
"."..".-". - i . ’ "" -
. = o e
. " W Ee T e e e
b - R R Yy
\ » i

FIG. 18

US 10,505,579 B2

$&

[

ST Y Y rrrrrrrrrrrrrrrrrrrrrrr T YRR AP rerr YOO CSC T O



U.S. Patent Dec. 10, 2019 Sheet 13 of 13 US 10,505,579 B2

| ™ 3{}
" e
2 L
3.3
(23 1
-
o
{:1: i:} ........................... . | B e
i “ - e S
S -
= . =4
-1 | =
' o |
e G10
4
~ i
"ﬂ} i T ¥ " < i 3] " ; )y ¥ ¥ ¥ -~ } | W ¥ 4 i T — i ¥ i 4 h
(.0 PO 2.0 3.0 4 0 5.0 5.0

time (ug)
SIMULATION RESULT

G, 19



US 10,505,579 B2

1

RADIO FREQUENCY SWITCHING DEVICE
FOR FAST SWITCHING OPERATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit under 35 U.S.C. 119(a)
of Korean Patent Application No. 10-2018-0079486 filed on
Jul. 9, 2018 and Korean Patent Application No. 10-2018-
0013513 filed on Feb. 2, 2018 1n the Korean Intellectual
Property Oflice, the entire disclosures of which are incor-
porated herein by reference for all purposes.

BACKGROUND

1. Field

The following description relates to a radio frequency
(RF) switching device for a fast switching operation.

2. Description of Background

Generally, a power amplifier (PA) may include a radio
frequency (RF) switching device, and a radio frequency
(RF) circuit, the radio frequency (RF) switching device may
be applied to a PA using a time division duplex (TDD)
method. An RF switching device applied to a PA using a
TDD method may switch a transmit (TX) operation and a
receive (RX) operation 1n diflerent time periods by dividing,
an operational time.

As the PA using a TDD method may perform the switch-
ing operation to alternately connect a transmit (ITX) opera-
tion and a receive (RX) operation 1n a short period of time,
a switching time may be important to operational perfor-
mance.

A general RF switching device may include a series
switch and a shunt switch, and a gate resistor may be
connected to gates of the series switch and the shunt switch.
The gate resistor may be connected to a gate butler. The gate
resistor may prevent degradation of isolation of switches
caused by a large signal recerved through the gate bufiler and
applied to the series switch and the shunt switch.

The switching time may be determined by a value of the
gate resistor connected to each gate of the switches and a
capacitance shown in the gate. In the case in which the
switch 1s a field eflect transistor (FET), the capacitor may
have gate-source capacitance (Cgs) or gate-drain capaci-
tance (Cgd) of an FET.

A size of an FET may be determined based on properties
such as insertion loss, and the like, of the FET. Once a size
of the FET 1s determined, capacitance may be determined
physically, and when a specification of the switching time 1s
determined, the value of the gate resistor may be deter-
mined. Accordingly, depending on the value of the gate
resistor, a trade-ofl relationship between the switching time
and the 1solation properties may be established. For
example, if the switching time 1s more important than the
1solation properties 1n a system, the 1solation properties may
degrade.

In a general RF switch, 1n the case 1n which a value of the
gate resistor 1s maintaimned at a certain value to prevent
degradation of the 1solation properties, a switching time may
increase.

SUMMARY

This Summary 1s provided to introduce a selection of
concepts 1 a sumplified form that are further described
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2

below 1n the Detailed Description. This Summary 1s not
intended to identily key features or essential features of the
claimed subject matter, nor 1s 1t intended to be used as an aid
in determining the scope of the claimed subject matter.

In one general aspect, a radio frequency switching device
includes a switching circuit including a first transistor and a
second transistor stacked between a first terminal and a
second terminal; a gate resistor circuit including a first gate
resistor and a second gate resistor, a first end of the first gate
resistor being connected to a gate of the first transistor and
a first end of the second gate resistor being connected to a
gate of the second transistor; a gate bufler circuit including
a first gate buller and a second gate builer, the first gate
bufler being connected to a second end of the first gate
resistor and configured to provide a first gate signal to the
gate of the first transistor through the first gate resistor, the
second gate builer being connected to a second end of the
second gate resistor and configured to provide a second gate
signal to the gate of the second transistor through the second
gate resistor; and a delay circuit configured to generate the
first gate signal having a first switching time and to generate
the second gate signal having a second switching time
different than the first switching time, based on a received
gate signal.

The first switching time may be an ofl-time 1n which the
first gate signal transitions from an on-level to an ofi-level
and the second switching time may be an ofi-time 1n which
the second gate signal transitions from an on-level to an
ofl-level, and the delay circuit may be configured to delay
the ofl-time of the first gate signal by a first delay time, and
to delay the ofl-time of the second gate signal by a second
delay time, and the first delay time may be different from the
second delay time.

The delay circuit may include a first delay device con-
figured to delay the ofl-time of the first gate signal by the
first delay time, and a second delay device configured to
delay the ofl-time of the second gate signal by the second
delay time.

The first delay device may include a first inverter config-
ured to delay an ofl-time of a first input gate signal, and the
second delay device may include a second inverter config-
ured to delay an ofl-time of a second nput gate signal.

The first delay device may include a first variable capaci-
tor circuit connected to an input stage or an output stage of
the first inverter, and configured to adjust the delay time of
the first input gate signal by varying capacitance in response
to a control signal, and the second delay device may include
a second variable capacitor circuit connected to an 1nput
stage or an output stage of the second inverter, and config-
ured to adjust the delay time of the second 1nput gate signal
by varying capacitance in response to the control signal.

One of the first gate buller and the second gate bufler may
include a first bufler configured to receive the first gate
signal and a second builer connected to the first buller 1n
parallel and configured to receive the first gate signal.

One of the first gate resistor and the second gate resistor
may 1nclude a first resistor connected to an output stage of
the first builer and a second resistor connected to an output
stage of the second bufler.

One of the first transistor and the second transistor may
include a first switching transistor including a gate config-
ured to recerve the first gate signal from the first butler and
a second switching transistor including a gate configured to
receive the first gate signal from the second builer, a source
connected to a source of the first switching transistor, a gate
connected to the gate of the first switching transistor, and a
body connected to a body of the first switching transistor.
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In another general aspect, a radio frequency switching
device includes a first radio frequency switching circuit
connected between a first terminal and a second terminal,
and switching a first signal path for a first signal; and a
second radio frequency switching circuit connected between
the first terminal and a third terminal, and switching a
second signal path for a second signal. The first radio
frequency switching circuit includes a switching circuit
including a first transistor and a second transistor stacked
between a first terminal and a second terminal; a gate resistor
circuit including a first gate resistor and a second gate
resistor, a first end of the first gate resistor being connected
to a gate of the first transistor and a first end of the second
gate resistor being connected to a gate of the second tran-
sistor; a gate bufler circuit including a first gate buflier and
a second gate butler, the first gate bufler being connected to
a second end of the first gate resistor and configured to
provide a first gate signal to the gate of the first transistor
through the first gate resistor, the second gate buller being
connected to a second end of the second gate resistor and
configured to provide a second gate signal to the gate of the
second transistor through the second gate resistor; and a
delay circuit configured to generate the first gate signal
having a first switching time and to generate the second gate
signal having a second switching time different than the first
switching time, based on a received gate signal.

The first switching time may be an off-time 1n which the
first gate signal transitions from an on-level to an ofi-level
and the second switching time may be an ofi-time 1n which
the second gate signal transitions from an on-level to an
ofl-level, and the delay circuit may be configured to delay
the ofl-time of the first gate signal by a first delay time, and
to delay the ofl-time of the second gate signal by a second
delay time, and the first delay time may be different from the
second delay time.

The delay circuit may include a first delay device con-
figured to delay the ofl-time of the first gate signal by the
first delay time, and a second delay device configured to
delay the ofl-time of the second gate signal by the second
delay time.

The first delay device may include a first inverter config-
ured to delay an ofl-time of a first input gate signal, and the
second delay device may include a second inverter config-
ured to delay an ofi-time of a second mput gate signal.

The first delay device may include a first variable capaci-
tor circuit connected to an 1nput stage or an output stage of
the first inverter, and configured to adjust the delay time of
the first input gate signal by varying capacitance in response
to a control signal, and the second delay device may include
a second variable capacitor circuit connected to an 1nput
stage or an output stage of the second 1nverter, and config-
ured to adjust the delay time of the second input gate signal
by varying capacitance in response to the control signal.

One of the first gate butler and the second gate bufler may
include a first bufler configured to receive the first gate
signal and a second builer connected to the first buller 1n
parallel and configured to receive the first gate signal.

One of the first gate resistor and the second gate resistor
may 1nclude a first resistor connected to an output stage of
the first buller and a second resistor connected to an output
stage of the second bufler.

One of the first transistor and the second transistor may
include a first switching transistor including a gate config-
ured to recerve the first gate signal from the first butler and
a second switching transistor including a gate configured to
receive the first gate signal from the second butler, a source
connected to a source of the first switching transistor, a gate
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4

connected to the gate of the first switching transistor, and a
body connected to a body of the first switching transistor.

In another general aspect, a radio frequency switching
device includes a delay circuit configured to recerve an mput
gate signal, to generate a first delayed output gate signal by
delaying an ofl-time or an on-time of the input gate signal by
a first time, and to generate a second delayed output gate
signal by delaying an ofi-time or an on-time of the input gate
signal by a second time that 1s different from the first time;
and a switching circuit disposed between two terminals and
configured to recetrve the first delayed output gate signal and
the second delayed output gate signal.

A voltage difference between an on-level voltage and an
ofl-level voltage of the first delayed output gate signal may
be different than a voltage diflerence between an on-level
voltage and an off-level voltage of the second delayed output
gate signal.

Other features and aspects will be apparent from the
tollowing detailed description, the drawings, and the claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a diagram 1llustrating a radio frequency switch-
ing device according to an example.

FIG. 2 1s a diagram 1llustrating a radio frequency switch-
ing device according to an example.

FIG. 3 1s a diagram 1llustrating a radio frequency switch-
ing device according to an example.

FIG. 4 1s a diagram 1llustrating a radio frequency switch-
ing device according to an example.

FIG. 5 1s a diagram 1illustrating a first gate bufler, a first
gate resistor, and a first transistor of a radio Irequency
switching circuit according to an example.

FIG. 6A 1s a circuit diagram 1illustrating a portion of a
radio frequency switching circuit illustrated 1in FIG. 3.

FIG. 6B 1s a diagram illustrating a clock feed through
using a first transistor illustrated in FIG. 4.

FIG. 7 1s a diagram 1llustrating a gate signal of a radio
frequency switching circuit illustrated 1n FIG. 6A.

FIG. 8 1s a diagram 1llustrating a delay circuit according
to an example.

FIG. 9 1s a diagram 1llustrating a delay circuit according,
to an example.

FIG. 10 1s a diagram 1illustrating a delay device according,
to an example.

FIG. 11 1s a diagram 1illustrating a delay device according
to an example.

FIG. 12 1s a diagram 1illustrating an example of a delay
circuit illustrated in FIG. 9.

FIG. 13 1s a diagram 1illustrating a gate signal according,
to an example.

FIG. 14 1s a diagram 1illustrating a gate signal according,
to an example.

FIG. 15 1s a diagram illustrating a gate signal according
to an example.

FIG. 16 1s a diagram illustrating an SPDT switch 1n which
a radio frequency switching circuit 1s applied according to
an example.

FIG. 17 1s a diagram 1illustrating a switching timing of an
SPDT switch illustrated 1n FIG. 15.

FIG. 18 1s a diagram 1llustrating a result of simulation 1n
relation to a delay time of a gate signal according to an
example.

FIG. 19 1s a graph 1llustrating an 1mpact of a clock feed
through depending on a presence of a delay cell.

Throughout the drawings and the detailed description, the
same reference numerals refer to the same elements. The
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drawings may not be to scale, and the relative size, propor-
tions, and depiction of elements in the drawings may be
exaggerated for clanty, 1llustration, and convenience.

DETAILED DESCRIPTION

The following detailed description 1s provided to assist
the reader 1in gaining a comprehensive understanding of the
methods, apparatuses, and/or systems described herein.
However, various changes, modifications, and equivalents
of the methods, apparatuses, and/or systems described
herein will be apparent after an understanding of the dis-
closure of this application. For example, the sequences of
operations described herein are merely examples, and are
not limited to those set forth herein, but may be changed as
will be apparent after an understanding of the disclosure of
this application, with the exception of operations necessarily
occurring 1n a certain order. Also, descriptions of features
that are known 1n the art may be omitted for increased clarity
and conciseness.

The features described herein may be embodied 1n dif-
terent forms, and are not to be construed as being limited to
the examples described hereimn. Rather, the examples
described herein have been provided merely to illustrate
some ol the many possible ways of implementing the
methods, apparatuses, and/or systems described herein that
will be apparent after an understanding of the disclosure of
this application.

Herein, 1t 1s noted that use of the term “may” with respect
to an example or embodiment, ¢.g., as to what an example
or embodiment may include or implement, means that at
least one example or embodiment exists 1n which such a
teature 1s included or implemented while all examples and
embodiments are not limited thereto.

Throughout the specification, when an element, such as a
layer, region, or substrate, 1s described as being “on,”
“connected 10,” or “coupled to” another element, 1t may be
directly “on,” “connected to,” or “coupled to” the other
clement, or there may be one or more other elements
intervening therebetween. In contrast, when an element 1s
described as being “directly on,” “directly connected to,” or
“directly coupled to” another element, there can be no other
clements intervening therebetween.

As used herein, the term “and/or” includes any one and
any combination of any two or more of the associated listed
items.

Although terms such as “first,” “second,” and “third” may
be used herein to describe various members, components,
regions, layers, or sections, these members, components,
regions, layers, or sections are not to be limited by these
terms. Rather, these terms are only used to distinguish one
member, component, region, layer, or section from another
member, component, region, layer, or section. Thus, a first
member, component, region, layer, or section referred to in
examples described herein may also be referred to as a
second member, component, region, layer, or section with-
out departing from the teachings of the examples.

Spatially relative terms such as “above,” “‘upper,”
“below,” and “lower” may be used herein for ease of
description to describe one element’s relationship to another
clement as shown 1n the figures. Such spatially relative terms
are intended to encompass different orientations of the
device 1n use or operation in addition to the ornentation
depicted 1n the figures. For example, 1f the device 1n the
figures 1s turned over, an element described as being “above”
or “upper” relative to another element will then be “below™
or “lower” relative to the other element. Thus, the term
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“above” encompasses both the above and below orientations
depending on the spatial orientation of the device. The
device may also be oriented in other ways (for example,
rotated 90 degrees or at other orientations), and the spatially
relative terms used herein are to be mterpreted accordingly.

The terminology used herein i1s for describing various

examples only, and 1s not to be used to limait the disclosure.
The articles “a,” “an,” and “the” are intended to include the

plural forms as well, unless the context clearly indicates

A Y P

otherwise. The terms “comprises,” “includes,” and “has”
specily the presence of stated features, numbers, operations,
members, elements, and/or combinations thereol, but do not
preclude the presence or addition of one or more other
features, numbers, operations, members, elements, and/or
combinations thereof.

Due to manufacturing techniques and/or tolerances, varia-
tions of the shapes shown 1n the drawings may occur. Thus,
the examples described herein are not limited to the specific
shapes shown 1n the drawings, but include changes 1n shape
that occur during manufacturing.

The features of the examples described herein may be
combined 1 various ways as will be apparent after an
understanding of the disclosure of this application. Further,
although the examples described herein have a variety of
configurations, other configurations are possible as will be
apparent alter an understanding of the disclosure of this
application.

FIG. 1 1s a diagram 1llustrating a radio frequency switch-
ing device according to an example.

Referring to FIG. 1, a radio frequency switching device
10 may include at least one first radio frequency switching
circuit 100-1.

The first radio frequency switching circuit 100-1 may be
connected between a first terminal T10 and a second termi-
nal T21, and may switch on or switch ofl a first signal path
between the first terminal T10 and the second terminal T21.

FIG. 2 1s a diagram 1llustrating a radio frequency switch-
ing device according to an example.

Retferring to FIG. 2, a radio frequency switching device
100 may include a first radio frequency switching circuit
100-1 and a second radio frequency switching circuit 100-2.

The first radio frequency switching circuit 100-1 may be
connected between a first terminal T10 and a second termi-
nal T21, and may switch on or switch ofl a first signal path
between the first terminal T10 and the second terminal T21
in response to a first gate signal V(G10 to transier and block
a first signal.

The second radio frequency switching circuit 100-2 may
be connected between the first terminal T10 and a third
terminal 122, and switch on or switch ofl a second signal
path between the first terminal T10 and the third terminal
122 1n response to a second gate signal V(G20 to transier and
block a first signal.

Retferring to FIGS. 1 and 2, the first radio frequency
switching circuit 100-1 and the second radio frequency
switching circuit 100-2 may have the same circuit structure.
For example, the first radio frequency switching circuit
100-1 and the second radio frequency switching circuit
100-2 may have a circuit structure as illustrated in FIG. 3.

For instance, each of the first radio frequency switching
circuit 100-1 and the second radio frequency switching
circuit 100-2 may include a series switch and a shunt switch.

In the description below, a radio frequency switching
circuit 100 will be described 1n greater detail as an example
of the first radio frequency switching circuit 100-1 and the
second radio frequency switching circuit 100-2.
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FIG. 3 1s a diagram 1illustrating a radio frequency switch-
ing circuit according to an example.

Referring to FIG. 3, a radio frequency switching circuit
100 may include a switching circuit 110, a gate resistor
circuit 120, a gate buller circuit 130, and a delay circuit 140.

FI1G. 4 1s a diagram 1illustrating a radio frequency switch-
ing circuit according to an example.

Referring to FIG. 4, a radio frequency switching circuit
100 may include a switching circuit 110, a gate resistor
circuit 120, a gate builer circuit 130, and a delay circuit 140.

Referring to FIGS. 3 and 4, the switching circuit 110 may
include a plurality of transistors (two or more) stacked
between a first terminal T10 and a second terminal T21.

The gate resistor circuit 120 may include a plurality of
gate resistors (two or more) having one ends respectively
connected to gates of the plurality of transistors.

The gate butler circuit 130 may respectively be connected
to the other ends of the plurality of gate resistors and may
include a plurality of gate buflers (two or more) providing a
plurality of gate signals to the gates of the plurality of
transistors through the plurality of gate resistors.

The delay circuit 140 may generate the plurality of gate
signals having different switching times by delaying the
switching times differently, based on a received gate signal
VG10.

The switching time may be an off-time 1n which the signal
transitions from an on-level to an off-level, based on the
received gate signal V(G10, or may be an on-time 1n which
the signal transitions from an ofl-level to an on-level, based
on the received gate signal VG10.

The examples of the switching circuit 110, the gate
resistor circuit 120, the gate butler circuit 130, and the delay
circuit 140 are described with reference to FIGS. 3 and 4, but
the configurations thereof are not limited thereto.

Referring to FIG. 3, the switching circuit 110 may include
first and second transistors M1 and M2 stacked between the
first terminal T10 and the second terminal T21.

The gate resistor circuit 120 may include first and second
gate resistors RG1 and RG2 having one ends respectively
connected to gates of the first and second transistors M1 and

M2.

The gate buifler circuit 130 may include first and second
gate bullers BG1 and BG2 respectively connected to the
other ends of the first and second gate resistors RG1 and
RG2, and providing first and second gate signals VG1 and
V(G2 to gates of the first and second transistors M1 and M2
through the first and second gate resistors RG1 and RG2.

The delay circuit 140 may generate the first and second
gate signals VG1 and VG2 having different switching times
by delaying the switching times differently, based on a
received gate signal V(G10. For example, the switching time
may be an ofi-time 1n which the signal transitions from an
on-level to an off-level.

Referring to FIG. 4, a switching circuit 110 may include
first, second, and third transistors M1, M2, and M3 stacked
between a first terminal T10 and a second terminal T21.

A gate resistor circuit 120 may 1nclude first, second, and
third gate resistors RG1, RG2, and RG3 having one ends
respectively connected to gates of the first, second, and third
transistors M1, M2, and M3.

A gate bufler circuit 130 may include first, second, and
third gate buflers BG1, BG2, and BG3 respectively con-
nected to the other ends of the first, second, and third gate
resistors RG1, RG2, and RG3, and providing first, second,
and third gate signals VG1, VG2, and VG3 to the gates of
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the first, second, and third transistors M1, M2, and M3
through the first, second, and third gate resistors RG1, RG2,
and RG3.

A delay circuit 140 may generate the first, second, and
third gate signals VG1, VG2, and VG3, at least one of which
has a switching time different from switching times of the
other gate signals by delaying at least one switching time to
be different from the other switching times, based on a
received gate signal V(G10. The switching time may be, for
example, an off-time 1n which the signal transitions from an
on-level to an ofl-level.

Instead of providing common gate signals having the
same switching time to the plurality of transistors, individual
gate signals, independent of one another, may respectively
be provided to the plurality of transistors through the gate
resistors and the gate buflers, and at least one of the gate
signals may have a switching time different from switching
times of the other gate signals. Accordingly, only a single
transistor may be present 1n a single bufler, and a switching
time may be determined based on a value of the gate resistor
of the single transistor and capacitance while preventing a
degradation of 1solation properties, thereby improving a
switching time.

In a radio frequency switch illustrated 1n FIG. 3, sizes of
the first and second transistors M1 and M2 may be relatively
smaller than sizes of general transistors using a common
gate signal, as sizes of independently provided gate signals
are relatively small. For example, a size of the transistor 1n
the examples may be half the size of a general transistor.

Also, the first gate buller BG1 and the second gate buller
BG2 may respectively receive a first gate signal VG1 and a
second gate signal VG2, which are diflerent from each other.
For example, sizes of the first gate bufler BG1 and the
second gate buller BG2 may be relatively smaller than sizes
of general common gate buflers which are connected 1n
common to the plurality of transistors. Accordingly, a size of
the gate bufler 1n the examples may be half the size of a
general gate butler.

Also, referring to FIG. 3, with regard to a switching speed
of a radio frequency switching circuit, the switching speed
may rely on a time constant (1) determined in accordance
with a resistance value (R) of the first gate resistor RG1 or
the second gate resistor RG2, and a capacitance (C) of the
first transistor M1 and the second transistor M2. The first
gate resistor RG1 or the second gate resistor RG2 may be an
1solation resistor, and may thus be set to a relatively high
resistance value (R).

In the radio frequency switching circuit 1n the examples,
a gate buller 1s disposed 1n each of the first transistor M1 and
the second transistor M2, rather than using a single bufler in
a general radio frequency switching circuit. Accordingly, a
respective gate resistor and a respective transistor may be
present in each of the first transistor M1 and the second
transistor M2, each having only one buifer, and thus, a size
of the gate signal may be reduced, and a size of the gate
bufler may also be reduced.

Thus, without increasing an overall size of a radio fre-
quency switching circuit, a switching speed may improve.
As described above, when a radio frequency switching
circuit 1s configured as 1n FIG. 3, 1solation properties may
not be degraded, and the switching time may be improved
without increasing a size or an area. The configuration in
FIG. 3 may be applied to FIG. 4 as well.

A radio frequency switching circuit may also be config-
ured as 1 FIG. 5 to obtain an improved switching time.
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FIG. 5 1s a diagram 1llustrating a first gate bufler, a first
gate resistor, and a first transistor of a radio frequency
switching circuit according to an example.

Referring to FIG. 5, a first gate buller BG1 may include
a first bufler BG11 and a second bufler BG12. The first

butler BG11 may receive a first gate signal VG1. The second
bufler BG12 may be connected to the first bullfer BG11 in

series and receive the first gate signal V(G1, as 1n the first
bufler BG11.

The first gate resistor RG1 may include a first resistor
RG11 and a second resistor RG12. The first resistor RG11
may be connected to an output stage of the first bufler BG11,
and the second resistor RG12 may be connected to an output
stage of the second bufler BG12.

The first transistor M1 may include a first switching
transistor M11 and a second switching transistor M12.

The first switching transistor M11 may include a gate
which receives the first gate signal VG1 from the first bufler
BG11.

The second switching transistor M12 may include a gate
receiving the first gate signal VG1 from the second bufler
BG12, a source connected to a source of the first switching
transistor M11, a gate connected to a gate of the first
switching transistor M11, and a body connected to a body of
the first switching transistor M11.

Referring to FIG. 5, for example, a value of the gate
resistor connected to the gate may be configured to be the
same as 1n a general radio frequency switching circuit such
that sutlicient 1solation may be secured, and gate capacitance
may be reduced by half, thereby further reducing the switch-
ing time.

FIG. 6A 1s a circuit diagram 1llustrating a portion of a
radio frequency switching circuit illustrated 1in FIG. 3. FIG.
6B 1s a diagram 1illustrating a clock feed through using a first
transistor illustrated 1n FI1G. 4. FIG. 7 1s a diagram 1llustrat-
ing a gate signal of a radio frequency switching circuit
illustrated 1in FIG. 6A.

Referring to FIG. 6A, 1 a radio frequency switching
circuit, 1n the case 1in which first and second transistors M1
and M2 are controlled by a single gate signal, high 1mped-
ance may occur 1in node A between the first and second
transistors M1 and M2 when the gate signal transitions from
a high level to a low level, and a low value of the gate signal
may appear 1 the node A by a clock feed through. To
prevent this, drain-source resistors RDS1 and RIDS2 may be
necessary.

Values of the drain-source resistors RDS1 and RDS2 may
need to be sufliciently high to prevent degradation of 1nser-
tion loss, and may also need to be sufliciently low to prevent
degradation of a switching time. The msertion loss may be
suiliciently reduced using the sutliciently high drain-source
resistors RDS1 and RDS2, and a radio frequency switching,
circuit may be implemented as 1illustrated 1n FIGS. 3 to 6,
thereby 1mproving a switching time.

By configuring switching times (an off-time or an on-
time) of a plurality of gate signals to be different from each
other using a delay circuit 140, high impedance may be
prevented 1n a connection node between switching devices,
and the impacts of the clock feed through may be reduced.
The configuration above will be described 1n greater detail
with reference to FIG. 6B.

Referring to FIG. 4, FIG. 6B 1llustrates a first transistor
M1 among the stacked first, second, and third transistors
M1, M2, and M3 1n FIG. 4. When “NI” 1s an input node of
the first transistor M1, “NO” may be an output node of the
first transistor M1, and may be connected to an mnput node
of the second transistor M2. For example, when the first,
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second, and third transistors M1, M2, and M3 are stacked,
the first and third transistors M1 and M3 at both ends may
be connected to 50€2 source or a load resistor and may have
relatively low impedance, but the second transistor M2 1n
the middle may have relatively high impedance as ofl-
resistors of the transistors M1 and M3 at both ends are
connected to the second transistor M2.

When the first transistor M1 1illustrated m FIG. 6B 1s
turned ofl, a gate voltage VG1 (e.g., a clock signal) of a gate
may appear in an mput node NI or an output node NO by a
parasitic capacitance. In the case in which the mput node NI
or the output node NO are in low impedance, changes 1n
voltage caused by a clock feed through may have a relatively
low time constant (RC), and the transistors may enter a
normal state more quickly by the relatively low time con-
stant (RC).

However, as 1n the middle transistor (M2 1n FIG. 4), in the
case 1n which the transistors at both ends have high imped-
ance of an ofl-transistor, the transistors at both ends may
have a relatively high time constant (RC) and enter a normal
state more slowly by the relatively high time constant (RC),
and a relatively long time may be taken. Thus, the middle
transistor M2 may be configured to be 1n an off-state earlier
than the other transistors, and then the transistors at both
ends M1 and M3 may be configured to be 1n an off-state later
or to be sequentially 1n an ofl-state with a certain time
interval, thereby reducing the impact of a clock feed
through.

The clock feed through may be caused by a level transi-
tion 1n a gate voltage or i a clock signal. The clock feed
through may refer to the phenomenon 1 which voltages of
an input node and an output node decrease to a low level of
a gate voltage when an off-voltage of a gate 1s applied, that
1s, when a level transitions from a high level to a low level,
as 1llustrated in FIG. 6B.

In the description below, an example in which a first gate
signal VG1 and a second gate signal VG2 are sequentially
switched off with a time interval AT will be described with
reference to FIGS. 6A, 6B, and 7.

The first gate signal VG1 may transition from a high level
to a low level, and a first transistor M1 may enter an
ofl-state. As the second gate signal VG2 1s still at a high
level, the second transistor M2 may maintain an on-state,
and node A may maintain low impedance at the moment.

Accordingly, while the second gate signal V(G2 maintains
a high level, the first gate signal VG1 may transition to an
ofl-level earlier than the second gate signal VG2, thereby
reducing an impact of a clock feed through.

With regard to the time AT, 1f the time AT 1s set to be
relatively short, such that the time AT does not aflect a
switching time, an overall switching time may not be
significantly affected. For example, AT may be set to a
several ps to a several ns, and the switching time may be set
to several hundred ns.

A delay circuit 140 may be implemented as a logic, or
may be implemented using a passive device. For example,
delay times of the delay circuit 140 may be fixed to a
predetermined value or may be varied. The delay circuit 140
may receive a control signal VC and vary delay times, and
may generate respective gate signals of which the delay
times are varied.

FIG. 8 1s a diagram 1llustrating a delay circuit according
to an example.

Referring to FIG. 8, a delay circuit 140 may include a first
delay device D1 and a second delay device D2.

The first delay device D1 may delay an ofi-time of a first
gate signal V(10 by a first delay time t1 and generate a first
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gate signal VG1. The second delay device D2 may delay an
ofl-time of the first gate signal VG10 by a second delay time
t2 and generate the second gate signal VG2. For example, a
time difference between the first delay time t1 and the
second delay time 12 may be AT.

FIG. 9 1s a diagram 1llustrating a delay circuit according
to an example.

A delay circuit 140 may include a first delay device D1,
a second delay device D2, and a third delay device D3.

The first delay device D1 may delay an ofl-time of a first
gate signal V(G10 by a first delay time t1 and generate a first
gate signal V(1. The second delay device D2 may delay an
ofl-time of the first gate signal V(G10 by a second delay time
t2 and generate the second gate signal VG2. The third delay
device D3 may delay an off-time of the first gate signal
VG10 by a third delay time t3 and generate a third gate
signal VG3.

For example, each of the first delay device D1, the second
delay device D2, and the third delay device D3 may include
at least one inverter, a delay device, and may further include
a variable capacitor device. The example having the con-
figuration above will be described with reference to FIGS.
10, 11, and 12, but the disclosure 1s not limited to such
configurations.

FI1G. 10 1s a diagram 1illustrating a delay device according
to an example.

Referring to FIG. 10, a first delay device D1, a second
delay device D2, or a third delay device D3 may include first
and second verters 11 and 12. The first and second 1inverters
I1 and 12 may delay an off-time of an input gate signal. For
example, the first and second nverters 11 and 12 may delay
an input signal by a predetermined delay time and output the
signal.

FIG. 11 1s a diagram 1llustrating a delay device according,
to an example.

Referring to FIG. 11, a first delay device D1, a second
delay device D2, or a third delay device D3 may include first
and second inverters I1 and 12 and a variable capacitor
circuit CV1.

The first and second inverters I1 and 12 may delay an
ofl-time of an input gate signal. The variable capacitor
circuit CV1 may be connected between an input stage or an
output stage of the first and second mverters 11 and 12, may
adjust a delay time by varying capacitance in response to a
control signal VC.

embodiment configuration of the delay device may not be
limited to the examples 1n FIGS. 10 and 11. Any circuit or
device capable of delaying a switching time may be
employed as the delay device.

FIG. 12 1s a diagram illustrating an example of a delay
circuit in FIG. 9.

Referring to FIGS. 9 and 12, a delay circuit 140 may
include a first delay device D1, a second delay device D2,
and a third delay device D3.

As an example, the first delay device D1 may include a
first 1inverter 11, the second delay device D2 may include a
second 1nverter 12, a first variable capacitor circuit CV1, and
a third iverter 13, the third delay device D3 may include a
fourth nverter 14, a second variable capacitor circuit CV2,
and a fifth inverter IS.

Referring to FIG. 12, an on-level voltage and an ofi-level
voltage of a first gate signal VG1 may be determined in
accordance with a first voltage V1 and a second voltage V2,
an on-level voltage and an ofl-level voltage of a second gate
signal VG2 may be determined 1n accordance with a third
voltage V3 and a fourth voltage V4, and an on-level voltage
and an off-level voltage of a third gate signal VG3 may be
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determined 1n accordance with a fifth voltage VS5 and a sixth
voltage V6. For example, V1, V3, and V5 may be VDD

voltages, and V2, V4, and V6 may be VSS voltages.

An 1mpact of a clock feed through may be mainly caused
by a transistor lastly entering an on-state among a plurality
of stacked transistors. Thus, levels of V1 to V6 may be set
differently 1n accordance with an order of the transistors

entering an ofl-state. For example, V3 and V4 may be set to
be lower than V1 and V2 by 0.2V, and V3 and V6 may be

set to be lower than V3 and V4.

FIG. 13 1s a diagram 1illustrating a gate signal according,
to an example.

Referring to FIGS. 8 and 13, a delay circuit 140 may delay
an oil-time of a first gate signal VG10 by a first delay time
tl and generate a first gate signal V(G1, and may delay an
ofl-time of the first gate signal V(G10 by a second delay time
t2 and generate a second gate signal V(G2.

For example, the first delay time t1 may be different from
the second delay time 12.

FIG. 14 1s a diagram 1illustrating a gate signal according
to an example. FIG. 15 1s a diagram 1llustrating a gate signal
according to an example.

Referring to FIGS. 13, 14 and 15, one of a plurality of
switches may be turned off earlier than the switches.

Referring to FIGS. 9 and 14, an order of an ofl-time may
be a first gate signal VG1, a second gate signal VG2, and a
third gate signal VG3, for example. As an example, a delay
circuit 140 may delay an off-time of a first gate signal VG140
by a first delay time t1 and generate the first gate signal VG,
may delay an off-time of the first gate signal VG10 by a
second delay time t2 and generate the second gate signal
VG2, and delay an off-time of the first gate signal VG10 by
a third delay time t3 and generate a third delay time t3.

Referring to FIGS. 9 and 15, an order of an ofl-time may
be a first gate signal V(G1, a second gate signal VG2, and a
third gate signal V(G3, for example. As an example, a delay
circuit 140 may delay an off-time of a first gate signal VG10
by a first delay time t1 and generate a second gate signal
VG2, may delay an off-time of the first gate signal V(G10 by
a second delay time t2 and generate a first gate signal V(G1,
and may delay an off-time of the first gate signal VG10 by
a third delay time t3 and generate a third gate signal VG3.

Retferring to FIGS. 14 and 15, with regard to a voltage
difference between an on-level voltage and an off-level
voltage of each of the gate signals, at least one of AV1, AV2,
and AV3 may be different from the others. For example, AV
(an on-level voltage—an off-level voltage) of a first turned off
transistor may be lower than AV of a transistor turned ofl
thereaiter.

FIG. 16 1s a diagram illustrating a single pole double
throw (SPDT) switch 1n which a radio frequency switching
circuit 1s applied according to an example. FIG. 17 1s a

diagram 1illustrating a switching timing of an SPD'T switch
in FIG. 15.

An SPDT switch illustrated 1n FIG. 16 may include a first
series switch group SW1 including first and second transis-
tors M1 and M2, a second series switch group SW2 includ-
ing third and fourth transistors M3, and M4, a first shunt
switch group SW3 including fifth and sixth transistors M3
and M6, and a second shunt switch group SW3 including
seventh and eighth transistors M7 and M8.

Gate signals VG1 to VG8 respectively provided to the
plurality of switch groups may be determined to have
ofl-times delayed by a predetermined delay time, based on
a gate signal VG10.

Referring to FIGS. 16 and 17, the first to fourth switch

groups SW1 to SW4 may respectively be controlled by first
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to fourth switch group signals SSW1 to SSW4. The first
switch group signal SSW1 may include first and second gate
signals VG1 and VG2, the second first switch group signal
SSW2 may include third and fourth gate signals VG3 and
VG4, the third switch group signal SSW3 may include fifth
and smth gate signals VGS and V(G6, and the fourth switch
group signal SSW4 may include Seventh and eighth gate
signals VG7 and VG8. For example, each of the first to
fourth switch groups SW1 to SW4 may include two gate
signals, and the two gate signals may have a certain delay
time AT and a certain voltage diflerence AV.

For example, the first to fourth switch groups SW1 to
SW4 may have an on-ofl order as discussed below to
significantly reduce an impact of a clock feed through.

As an example, as 1llustrated 1n FIG. 17, before the first
switch group signal SSW1 transitions to an ofl-level, the
second and fourth switch group signals SSW2 and SSW4
may be in an on-level voltage, then the first switch group
signal SSW1 may be 1n an off-level voltage, and the third
switch group signal SSW3 may be 1n an ofl-level voltage.

An order of subsequent on-level transition may be, before
the second switch group signal SSW2 1s in an ofl-level
voltage, the first and third switch group signals SSW1 and
SSW3 may be 1n an on-level voltage, then the second switch
group signal SSW2 may be 1n an ofl-level voltage, and the
fourth switch group signal SSW4 may be 1n an ofi-level
voltage.

FIG. 18 1s a diagram 1illustrating a result of simulation in
relation to a delay time of a gate signal according to an
example.

Referring to FIG. 18, “VG(V)” 15 a gate voltage, “RFin
(V) 1s a voltage of an mput signal, “RFoutl(V)” 1s a voltage
of an output signal of a general switching circuit, “RFout2
(V) 1s a voltage of an output signal of a switching circuit
according to an example.

When the RF output (RFout2(V)) 1s compared to the
general RE output (RFoutl(V)) with reference to the RFin
(V) mn FIGS. 18 and 19, a delay time TD2 (delayed by
approximately 0.32 usec) of a gate signal of a radio fre-
quency switching circuit was shorter than a delay time TD1
(delayed by approximately 1.27 usec) of a gate signal of a
general radio frequency switching circuit, and accordingly,
a delay 1n switching was reduced.

FIG. 19 1s a graph 1llustrating an impact of a clock feed
through depending on a presence of a delay cell.

Referring to FIG. 19, with regard to a voltage 1n node A
(node A 1 FIG. 6A) between two switches, when a delay
circuit was not applied, the impact was significant as indi-
cated 1n graph G10, whereas, when a delay circuit was
applied, the impact was decreased as indicated 1n graph G20.

According to the aforementioned examples, by setting the
switching times (an ofl-time or an on-time) of a plurality of
gate signals differently, using a delay circuit, sudden high
impedance may be prevented in a connection node between
switching devices, and the impact of a clock feed through
may thus be reduced.

While this disclosure includes specific examples, 1t will
be apparent after an understanding of the disclosure of this
application that various changes 1n form and details may be
made 1n these examples without departing from the spirit
and scope of the claims and their equivalents. The examples
described herein are to be considered 1n a descriptive sense
only, and not for purposes of limitation. Descriptions of
features or aspects 1n each example are to be considered as
being applicable to similar features or aspects i other
examples. Suitable results may be achieved if the described
techniques are performed 1n a different order, and/or if
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components in a described system, architecture, device, or
circuit are combined in a different manner, and/or replaced
or supplemented by other components or their equivalents.
Therefore, the scope of the disclosure 1s defined not by the
detailed description, but by the claims and their equivalents,
and all vaniations within the scope of the claims and their
equivalents are to be construed as being included in the
disclosure.

What 1s claimed 1s:

1. A radio frequency switching device, comprising:

a switching circuit comprising a first transistor and a
second transistor stacked between a first terminal and a
second terminal;

a gate resistor circuit comprising a first gate resistor and
a second gate resistor, a first end of the first gate resistor
being connected to a gate of the first transistor and a
first end of the second gate resistor being connected to
a gate of the second transistor;

a gate buller circuit comprising a first gate bufler and a
second gate buller, the first gate bufler being connected
to a second end of the first gate resistor and configured
to provide a first gate signal to the gate of the first
transistor through the first gate resistor, the second gate
bufler being connected to a second end of the second
gate resistor and configured to provide a second gate
signal to the gate of the second transistor through the
second gate resistor; and

a delay circuit configured to generate the first gate signal
having a first switching time and to generate the second
gate signal having a second switching time different
than the first switching time, based on a received gate
signal,

wherein the first switching time 1s an ofl-time 1n which the
first gate signal transitions from an on-level to an

ofl-level and the second switching time 1s an ofl-time 1n
which the second gate signal transitions from an on-
level to an off-level, and

wherein the delay circuit 1s configured to delay the

off-time of the first gate signal by a first delay time, and

to delay the off-time of the second gate signal by a
second delay time, and the first delay time 1s different
from the second delay time.

2. The radio frequency switching device of claim 1,
wherein the delay circuit comprises:

a first delay device configured to delay the ofl-time of the

first gate signal by the first delay time; and

a second delay device configured to delay the ofl-time of

the second gate signal by the second delay time.

3. The radio frequency switching device of claim 2,
wherein the first delay device comprises a first inverter
configured to delay an off-time of a first input gate signal and
the second delay device comprises a second inverter con-
figured to delay an ofl-time of a second mput gate signal.

4. The radio frequency switching device of claim 3,
wherein

the first delay device comprises a first variable capacitor

circuit connected to an mnput stage or an output stage of
the first inverter, and configured to adjust the delay time
of the first input gate signal by varying capacitance 1n
response to a control signal, and

the second delay device comprises a second variable

capacitor circuit connected to an mnput stage or an
output stage of the second inverter, and configured to
adjust the delay time of the second mput gate signal by
varying capacitance in response to the control signal.
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5. The radio frequency switching device of claim 1,
wherein one of the first gate bufler and the second gate bufler
COmMprises:

a first butler configured to receive the first gate signal; and

a second bufler connected to the first buller 1n parallel and
configured to receive the first gate signal.

6. The radio frequency switching device of claim 5,
wherein one of the first gate resistor and the second gate
resistor comprises:

a first resistor connected to an output stage of the first

buffer; and

a second resistor connected to an output stage of the
second bufler.

7. The radio frequency switching device of claim 6,
wherein one of the first transistor and the second transistor
COmMprises:

a first switching transistor comprising a gate configured to

receive the first gate signal from the first builer; and

a second switching transistor comprising a gate config-
ured to receive the first gate signal from the second
buffer, a source connected to a source of the first
switching transistor, a gate connected to the gate of the
first switching transistor, and a body connected to a
body of the first switching transistor.

8. A radio frequency switching device, comprising:

a first radio {frequency switching circuit connected
between a first terminal and a second terminal, and
switching a first signal path for a first signal; and

a second radio frequency switching circuit connected
between the first terminal and a third terminal, and
switching a second signal path for a second signal,

wherein the first radio frequency switching circuit com-

Prises:

a switching circuit comprising first transistor and a
second transistor stacked between the first terminal
and the second terminal;

a gate resistor circuit comprising a {irst gate resistor and
a second gate resistor, a first end of the first gate
resistor being connected to a gate of the first tran-
sistor and a first end of the second gate resistor being
connected to a gate of the second transistor;

a gate buller circuit comprising a first gate bufler and
a second gate bufler, the first gate bufler being
connected to a second end of the first gate resistors
and configured to provide a first gate signal to the
gate of the first transistor through the first gate
resistor, the second gate buller being connected to a
second end of the second gate resistor and configured
to provide a second gate signal to the gate of the
second transistor through the second gate resistor;
and

a delay circuit configured to generate the first gate
signal having a first switching time and to generate
the second gate signal having a second switching
time different than the first switching time, based on
a received gate signal,

wherein the first switching time 1s an ofl-time 1n which the
first gate signal transitions from an on-level to an
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off-level and the second switching time 1s an ofl-time 1n
which the second gate signal transitions from an on-
level to an off-level, and
wherein the delay circuit 1s configured to delay the
off-time of the first gate signal by a first delay time, and
to delay the off-time of the second gate signal by a
second delay time, and the first delay time 1s different
from the second delay time.

9. The radio frequency switching device of claim 8,
wherein the delay circuit comprises:

a first delay device configured to delay the ofl-time of the

first gate signal by the first delay time; and

a second delay device configured to delay the off-time of

the second gate signal by the second delay time.

10. The radio frequency switching device of claim 9,
wherein the first delay device comprises a first inverter
configured to delay an off-time of a first input gate signal and
the second delay comprises a second inverter configured to
delay an off-time of a second input gate signal.

11. The radio frequency switching device of claim 10,
wherein

the first delay device comprises a first variable capacitor

circuit connected to an input stage or an output stage of
the first inverter, and configured to adjust the delay time
of the first input gate signal by varying capacitance in
response to a control signal, and

the second delay device comprises a second variable

capacitor circuit connected to an mput stage or an
output stage of the second inverter, and configured to
adjust the delay time of the second input gate signal by
varying capacitance in response to the control signal.

12. The radio frequency switching device of claim 8,
wherein one of the first gate bufler and the second gate bufler
COmprises:

a first bufler configured to receive the first gate signal; and

a second bufler connected to the first bufler 1n parallel and

configured to receive the first gate signal.

13. The radio frequency switching device of claim 12,
wherein one of the first gate resistor and the second gate
resistor comprises:

a first resistor connected to an output stage of the first

bufler; and

a second resistor connected to an output stage of the

second buliler.

14. The radio frequency switching device of claim 13,
wherein one of the first transistor and the second transistor
COmMprises:

a first switching transistor comprising a gate configured to

receive the first gate signal from the first builer; and

a second switching transistor comprising a gate config-

ured to receive the first gate signal from the second
buffer, a source connected to a source of the first
switching transistor, a gate connected to the gate of the
first switching transistor, and a body connected to a
body of the first switching transistor.
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